Abstract-The thermal stability of ion implanted ZnO was investigated. Heavily damaged ZnO decomposes with thermal treatment. This result has significant implications for ion implants into ZnO for p-type doping, and subsequent thermal treatments for activation.
I. INTRODUCTION
Zinc oxide is a future material which is very attractive for a range of (opto)electronic devices. With a wide band gap of 3.4 eV and large exciton binding energy of 60 meV at room temperature, it joins GaN as a candidate for a range of blue and UV light-emitting diodes and laser diodes [1] . Several properties of ZnO make it more appealing than GaN as a choice for such devices. These include the ability to grow high quality ZnO single crystals, broader possibilities for wet chemical etching, and significant radiation hardness [2] . However, reliable and reproducible production of p-type ZnO is still a challenge which must be overcome before p-n junction-based devices can be realized in ZnO. Ion implantation is widely used in the microelectronics industry for selective area doping, device isolation and quantum well intermixing. Implantation of potential p-type dopants such as As and N into ZnO are beginning to show promise as a viable method of doping [3, 4] . With this in mind, a thorough understanding of damage accumulation, recrystallization processes and thermal stability of ion-implanted ZnO is important.
II. EXPERIMENT
In this study, the thermal stability of high-quality single crystal ZnO implanted with very high dose (1.4 × 10 17 cm −2 ) 300 keV As ions (potential p-type dopant) in the range 77 K -500 K is investigated. Post implantation annealing of samples in the range of 1000 -1200
• C was employed to recover the crystallinity of the heavily damaged layers. Rutherford backscattering/channeling spectrometry (RBS/C), cross sectional transmission electron microscopy (XTEM) and atomic force microscopy (AFM) have been used to monitor the damage accumulation, recovery and stability of ZnO, whilst cathodoluminescence (CL) spectroscopy has been utilized to monitor the optical properties of the layers. III. RESULTS Figure 1 shows the RBS/C spectra obtained from the room temperature as-implanted and annealed ZnO layers. It can be seen from this plot that directly following implantation, a heavily damaged layer extending to ∼ 200 nm into the ZnO is created.
Upon annealing, the crystallinity of the ZnO apparently improves until it appears to have been completely recovered at 1200
• C. XTEM and AFM analysis however reveal that rather than achieving recrystallization of the damaged layer, decomposition and subsequent evaporation of the damaged ZnO occurs at 1200
• C [5] . This is illustrated in the AFM image in figure 2 which shows the interface between implanted and unimplanted regions for the sample annealed at 1200
• C. The decomposition process begins to take place at 1100
• C. At 1000
• C, large cavities are evident under the surface of the ZnO within the damaged region, suggesting that the decomposition is driven by cavity formation within the damaged material. This is illustrated in figure 3 . Changes in the nearsurface stoichiometry of the ZnO are also observed following implantation. Fig. 2 . AFM height-scale image of the sample annealed at 1200 • C. The right half of the image shows ZnO implanted to 1.4 × 10 17 cm −2 with 300 keV As ions, whilst the left half of the image was masked during implantation. Loss of material from the implanted side of the sample is evident. The field of view is 500 × 500 nm 2 and the height scale is 50nm. Fig. 3 .
Bright field XTEM image of ZnO implanted with 1.4 × 10 17 cm −2 As ions, and annealed at 1000 • C. Large cavities are evident to a depth corresponding to that of the implanted region. The surrounding area is crystalline.
IV. APPLICATIONS AND CONCLUSIONS
From this study, an optimum set of conditions for achieving recrystallization and dopant activation without loss of material have been derived and applied to implants with potential ptype dopant ions into ZnO. Figure 4 shows preliminary CL results for annealed and implanted ZnO indicating that the optical properties can be recovered following implantation and annealing at temperatures below 1100
• C without loss of material. Although some loss is evident in this figure, this is expected due to the presence of residual defects within the layer acting as absorption sites. Low temperature (4 K) CL measurements are required to identify acceptor-related emissions in this material indicative of p-type doping.
The results of this study have significant implications for ZnO based devices, particularly the creation of p-type material by ion implantation.
